Ever since Darwin's pioneering research, the evolution of selffertilisation (selfing) has been regarded as one of the most prevalent evolutionary transitions in flowering plants 1, 2 . A major mechanism to prevent selfing is the self-incompatibility (SI) recognition system, which consists of male and female specificity genes at the S-locus and SI modifier genes [2] [3] [4] . Under conditions that favour selfing, mutations disabling the male recognition component are predicted to enjoy a relative advantage over those disabling the female component, because male mutations would increase through both pollen and seeds whereas female mutations would increase only through seeds 5, 6 . Despite many studies on the genetic basis of loss of SI in the predominantly selfing plant Arabidopsis thaliana [7] [8] [9] [10] [11] [12] [13] [14] [15] , it remains unknown whether selfing arose through mutations in the female specificity gene (S-receptor kinase, SRK), male specificity gene (S-locus cysteine-rich protein, SCR; also known as S-locus protein 11, SP11) or modifier genes, and whether any of them rose to high frequency across large geographic regions. Here we report that a disruptive 213-base-pair (bp) inversion in the SCR gene (or its derivative haplotypes with deletions encompassing the entire SCR-A and a large portion of SRK-A) is found in 95% of European accessions, which contrasts with the genome-wide pattern of polymorphism in European A. thaliana 16, 17 . Importantly, interspecific crossings using Arabidopsis halleri as a pollen donor reveal that some A. thaliana accessions, including Wei-1, retain the female SI reaction, suggesting that all female components including SRK are still functional. Moreover, when the 213-bp inversion in SCR was inverted and expressed in transgenic Wei-1 plants, the functional SCR restored the SI reaction. The inversion within SCR is the first mutation disrupting SI shown to be nearly fixed in geographically wide samples, and its prevalence is consistent with theoretical predictions regarding the evolutionary advantage of mutations in male components.
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Selfing is disadvantageous when selfed offspring suffer reduced fitness (that is, inbreeding depression), but it may nevertheless be favoured owing to reproductive assurance when pollinators or mates are scarce, as first proposed by Darwin 1, 18 . It is also favoured by an inherent transmission advantage because a selfing individual can transmit gametes in three ways (as both ovule and pollen parent to its own selfed progeny and as pollen parent in outcrossing), whereas an outcrossing individual cannot serve as pollen parent in selfing 18, 19 . Thus, an allele promoting selfing has a 3:2 transmission advantage relative to outcrossing when all other conditions are equal 18, 19 . In many plant lineages, predominant selfing evolved through the loss of self-incompatibility (SI) and changes in floral traits 2, 18 . The molecular basis of the SI system has been extensively studied using the family Brassicaceae, where it is controlled by SRK and SCR, encoding the female and male SI specificity determinants, respectively, at the S-locus 3, 4, 11 . SRK is a transmembrane serine/ threonine receptor kinase that functions on the stigma, and SCR is a small cysteine-rich protein present in the pollen coat that acts as a ligand of the SRK receptor protein [20] [21] [22] . Dozens of highly divergent sequence groups, called S-haplogroups (or S-haplotypes or S-alleles), confer specificity in self-recognition: direct interaction between SCR and SRK of the same S-haplogroup leads to downstream signalling in female tissues, which inhibits pollen germination on the stigma 3, 4 . Haplogroups are characterized by low nucleotide diversity within each haplogroup and high divergence and suppressed recombination between haplogroups; these patterns extend to flanking genes of the S-locus to some extent 11, 23 . A. thaliana is a self-compatible, predominantly selfing species of Brassicaceae 24 , whereas obligate outcrossing enforced by the SI system and inbreeding depression is observed in its closely related congeners 23, 25 . Only three haplogroups at the S-locus have been found in A. thaliana; haplogroups A and C are distributed in Europe, North America, North Africa and Asia, whereas haplogroup B is found only in offshore African islands [9] [10] [11] . While there is no evidence for interhaplogroup recombination between SRK and SCR 10,11 (Supplementary Note 1), several independent mutations and rearrangements disrupting SRK and SCR have been identified [7] [8] [9] [10] [11] [12] [13] . When pairs of SRK and SCR from self-incompatible Arabidopsis lyrata were introduced into A. thaliana heterologously by transgenic experiments, some accessions showed developmentally stable SI and produced very few seeds, suggesting the disruption of the S-locus in A. thaliana 8, 12 . In other transformed accessions, SI was detected only in young flowers and no clear reduction in seed set was observed, which was considered as pseudo-self-compatibility 8, 12, 13 . This cryptic variation in the strength of SI among transgenic plants was attributed to polymorphism in the promoter region of a female modifier gene, PUB8, adjacent to the S-locus 13 . However, whether mutations in the male or female specificity gene at the S-locus have contributed to the loss of SI cannot be assessed by such heterologous transgenic experiments. Most importantly, it is difficult to distinguish the primary inactivating mutation from subsequent decay by further mutations 5, 12, 14 . Thus, it is still unclear which mutation(s) contributed to the loss of SI and the transition to predominant selfing, and whether any mutation conferring self-compatibility is geographically widespread [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . To search for high-frequency mutations underlying self-compatibility and to delimit the affected genomic interval, we first analysed the geographic distribution of haplogroups in the genomic region encompassing the S-locus. Because allele frequencies are affected by linkage to neighbouring genes and by demographic factors that are expected to affect the entire genome, it is critical to take non-random patterns of genome-wide polymorphisms into account. We examined the European accessions of A. thaliana for which an east-west gradient or clustering of accessions, as well as the divergence of northern accessions, were described based on a large data set 16, 17 . This population structure is generally attributed to a scenario in which A. thaliana persisted and diverged in eastern and western refugia during glacial periods and subsequently spread across Europe 16, 17 (Supplementary Note 1). Previous studies of European accessions revealed two distinct haplogroups at the S-locus (haplogroups A and C), as well as two distinct haplogroups for the ARK3 and PUB8 genes that flank the S-locus on each side 10, 11 . Our sequence data show that the flanking genes also exhibit high sequence divergence between haplogroups (0.0372 in ARK3 and 0.0321 in PUB8), whereas nucleotide diversity within each haplogroup is up to two orders of magnitude lower (0.00031 in ARK3-W, 0.00078 in ARK3-E, 0.00063 in PUB8-W and 0.00103 in PUB8-E; see also Supplementary Figs 1 and 2). To survey whether the haplogroup frequencies at each locus are concordant with genome-wide population structure, we exploited the clustering described in ref. 17 and calculated the correlation between haplogroups and the clusters. For both ARK3 and PUB8, we found a significant correlation (Cramer coefficient 0.262 in ARK3, P 5 0.00177; 0.224 in PUB8, P 5 0.0152; Fig. 1 , Supplementary Note 1 and Supplementary Figs 1-3 ). Haplogroups ARK3-W and PUB8-W were found mainly in western Europe, in the east-west transition zone and northern Europe, whereas haplogroups ARK3-E and PUB8-E were more common in eastern Europe ( Fig. 1 and Supplementary Table 1) . Similarly, we found a significant correlation between population structure and length polymorphism in the PUB8 promoter region (Cramer coefficient 0.223, P 5 0.0252), which has been reported to be responsible for cryptic SI variation 13 . These correlations reflect significant differences in haplogroup frequencies depending on the clusters, indicating that the haplogroup patterns at these genes are consistent with the genome-wide pattern of polymorphism.
In contrast to the intermediate representation of haplogroups in the flanking genes, the frequency of haplogroup A at the S-locus (gauged by data on SRK; Supplementary Note 1) is markedly higher than that of haplogroup C and thus is widespread throughout Europe (Fig. 1) , resulting in no significant correlation between our SRK haplogroup data and population structure (Cramer coefficient 0.0864, P 5 0.750). These results indicate that although genomewide differentiation can explain the pattern of polymorphism in the flanking regions of the S-locus, additional evolutionary forces might be necessary to explain the pattern of polymorphism at the S-locus itself. Because only SRK, SCR and repetitive elements have been identified in the genomic region between the ARK3 and PUB8 genes, the data are consistent with a mutation conferring selfcompatibility in either SRK or SCR whose increase in frequency might have been driven by positive selection.
To dissect the potential historical contributions of gene-disruptive mutations at the S-locus, we took advantage of trans-specific sharing of S-haplogroups among Arabidopsis species 23 . We obtained the entire coding sequences of SCR-A and SRK-A of the functional haplogroup A from A. halleri, a self-incompatible close relative of A. thaliana 23 ( Fig. 2 and Supplementary Fig. 4 ). The predicted SCR amino acid sequence contains eight conserved cysteine residues known to be important for protein structure (Fig. 2b) . SCR-A of A. thaliana was reported to be truncated, encoding only three of the eight conserved cysteine residues 7 , but subsequent study showed that the truncated protein is not caused by a deletion but by a 213-bp inversion in the coding sequence 12 . Interestingly, if the inverted region is reverted, SCR-A of Col-0 would contain the entire coding information of SCR-A 11 ( Fig. 2) . To survey the frequency of this mutation across the European range of A. thaliana, we examined a larger collection of 277 accessions and found that 95% of them possess this inversion or its derivative deletion (named A-t2, with a ,23-kb deletion encompassing the entire SCR-A and a large portion of SRK-A; Supplementary Note 1) 11 . These results indicate that the SCR-A inversion mutation is nearly fixed in Europe. In addition, the inversion and A-t2 were also found in accessions from Tajikistan, Kazakhstan and Libya, demonstrating that they are also distributed outside Europe.
In contrast, alignment of the coding regions of SRK-A from A. halleri and A. thaliana shows that at least 12 accessions of A. thaliana, including Wei-1 and Old-1, still have the full-length SRK-A gene without any apparent disruptive mutations, such as frameshifts or inverted repeats ( Supplementary Fig. 4 ). These accessions are scattered widely across Europe, indicating that the intact SRK-A variant is not restricted to isolated regions ( Supplementary Fig. 5 ). Given its tight linkage to SCR-A, these observations indicate that the frequency of SRK-A might have increased by hitchhiking and that SRK-A of some accessions might still be functional, even though the majority of accessions have a pseudogenized SRK-A due to multiple disruptive mutations 7, 11 . To test whether SRK and the components of the female signalling pathway are functional in A. thaliana, we carried out interspecific crosses between A. halleri (male) and A. thaliana (female), as such crosses are successful when A. thaliana is used as the female parent (Methods and Supplementary Table 2 ). Because S-allele lineages are shared trans-specifically among several Arabidopsis species 23 , an incompatible reaction should occur even in interspecific crosses where pollen and stigma share the same haplogroup 26 . Indeed, when pollen of A. halleri bearing SCR-A was used to pollinate emasculated pistils of the 12 A. thaliana accessions with intact SRK-A (see above), an incompatible reaction was observed in seven accessions (Fig. 3,  Supplementary Fig. 6 and Supplementary Table 2 ). This indicates that female SI is functional in these accessions. We further examined the strength of incompatibility during flower development. As selfing in A. thaliana occurs when stamens touch stigmas autonomously (autopollination) and thus pollination afterwards would contribute little to fertilisation, an incompatibility reaction before and during the flower developmental stage of autopollination would be most relevant physiologically to prevent selfing. Because autopollination occurs during a certain range of pistil length, we used pistil length as a continuous variable to measure the developmental stage in Table 1 ). The schematic genomic structure depicted along the top of the figure is based on the genomic sequence of Col-0 (GenBank accession number NC_003075).
The correlation between haplogroup and population structure is statistically significant for ARK3 and PUB8, but not for the S-locus (see text).
emasculated flowers. A constitutive incompatible reaction up to the stage of autopollination was observed in four of the seven accessions including Wei-1 (Fig. 3b, Supplementary Fig. 6 and Supplementary Note 2), whereas the incompatible reaction was attenuated in older flowers.
To exclude the possibility that pollen tube growth was inhibited not by an incompatible reaction but by interspecific reproductive isolation, we also conducted interspecific crosses with A. halleri bearing other S-alleles and confirmed that all such crossings were compatible. In addition, crossings between A. thaliana with degenerated SRK and A. halleri with haplogroup A were compatible ( Fig. 3 and Supplementary Table 2 ). These results indicate that reduced pollen growth, where observed, was not caused by interspecific reproductive isolation but by the SI system. Taken together, these crossing experiments confirm that haplogroup A of A. thaliana and A. halleri share the same functional specificity and, most importantly, demonstrate that at least these accessions of A. thaliana harbour functional alleles of SRK and other genes required for the female SI reaction. Thus, degradation of the male component was responsible for their loss of SI.
Because our crosses showed that the female SI function has been retained in at least four A. thaliana accessions, we reasoned that they would become self-incompatible if the normal function of the male SCR gene could be restored. To restore the function of SCR-A, we inverted the 213-bp segment that disrupts the coding region to yield a full-length open reading frame (ORF). To alleviate the effect of cosuppression, which is pronounced for the S-locus genes 3, 27 , we used the tapetum-specific ATA7 promoter instead of the SCR promoter to express the ORF (see Methods and Supplementary Fig. 7 ), because the intrinsic SCR-A promoter is still active in A. thaliana 11 . In this way, ATA7::restored SCR was introduced into Wei-1. Upon selfing, pollen of the transgenic plants was rejected on the stigmas (Fig. 4a, b) . This finding strongly indicates that the disruption of SCR-A resulted in the evolutionary loss of SI. In addition, our data indicate that the inversion was the responsible mutation, although we cannot exclude the possibility that changes in SCR-A expression also played a role. Although other minor-frequency mutations (possibly in haplogroup C) might have also contributed to self-compatibility, our findings are consistent with the hypothesis that the non-functional SCR-A led to the near-fixation of haplogroup A at the S-locus (SCR-A and SRK-A).
This scenario for the increase in self-compatibility within A. thaliana contrasts with the proposed loss of SI in Capsella rubella through an extreme bottleneck associated with speciation, inferred to have occurred without replacing other S-locus haplogroups by selection 28 . The transgenic plants produced shorter siliques than non-transgenic Wei-1 plants and fewer seeds per silique, consistent with our finding that the female SI function was observed up to the developmental stage of autopollination (Fig. 4c-e and Supplementary Note 4). Our crossing and transgenic experiments that used plants possessing native SRK sequences demonstrate the prevention of selfing by a SI reaction combined with later attenuation of SI, which was not reported from the use of heterologous transgenic plants 8, 12, 13 . We suggest that the disruption of SCR-A was a critical step in the evolution of predominant selfing in A. thaliana in conjunction with other morphological and physiological changes. Our results also reveal the diversity in the SI response along developmental stages and among accessions (Supplementary Note 2, Supplementary Table 2 and Supplementary Fig. 6 ). This might indicate that mutations conferring partial selfing with pseudo-self-compatibility have arisen before the loss of SI, although it is conceivable that they represent secondary decay (Supplementary Note 3) .
A fairly recent origin of self-compatibility in A. thaliana has been suggested based on the K a /K s ratio (the ratio of the rate of nonsynonymous substitutions to the rate of synonymous substitutions) for the S-locus genes (,413,000 years ago) 23 . Our results are consistent with the recent spread of self-compatibility. First, except for SCR, all SI components are still functional in a number of accessions, although it is possible that functional alleles have been maintained due to pleiotropy for biological functions other than SI. Second, it is generally thought that the current population structure of European A. thaliana was shaped by range expansions from multiple refugia during recent glacial-interglacial periods 16, 17 . Significant deviation at the S-locus from the genome-wide population structure implies that haplogroup A (harbouring the SCR-A inversion) increased nonrandomly, replacing other haplogroups during the process of admixture from multiple source populations. Range expansions tend to be accompanied by reduced mate availability and increased pollen limitation 2, 29 . Coupled with an inherent transmission advantage 19 , reproductive assurance might have driven the evolution of selfing enabled by the loss of SI as first proposed by Darwin 1 , thus overcoming inbreeding depression in ancestral outcrossing populations 18, 25 . If evolutionary constraints or selection were unimportant, female mutations leading to self-compatibility would be prevalent especially in the Brassicaceae, because the SRK coding region is ,10 times longer than that of SCR. Hence, the rate of disruptive mutations, such as premature stop or frameshift mutations, is expected to be higher (assuming similar deleterious mutation rates). Indeed, a number of loss-of-function mutations in the female gene have been identified, including those that might have occurred after the SCR inversion and those responsible for self-compatibility in cultivated and geographically restricted populations 3, 5, 7, 10, 11, 26, 30 . In cultivated Brassica, genetic crosses and molecular experiments have identified loss-offunction mutations in SRK as well as in SCR 3, 26, 30 , and it is conceivable that these were selected in the course of human cultivation based on the self-compatible phenotype per se. Using crossing and transgenic experiments, we have shown that all female SI components are functional in a number of European A. thaliana accessions. To our knowledge, the pseudogenized SCR-A represents the first mutation conferring self-compatibility shown to be nearly fixed in geographically wide samples. Our findings are consistent with theoretical predictions that male mutations causing loss of SI are more likely to spread than those disrupting female components under both reproductive assurance and transmission advantage 5, 6 . Our work shows that the experimental reversal of evolution is a powerful tool in disentangling mutational history, especially when combined with analyses of genomic polymorphism.
METHODS SUMMARY
Plant materials. A. thaliana ecotypes listed in Supplementary Table 3 were obtained from the Arabidopsis Biological Resource Center (ABRC; http:// www.biosci.ohio-state.edu/pcmb/Facilities/abrc/abrchome.htm). A. halleri was collected in Japan, Germany and Switzerland. Pollination assay. Anthers were removed from flower buds and stigmas were examined for the absence of contaminating pollen by microscopy. At 0, 12, 24 and 36 h later, pollen grains were manually applied to the stigmas. After fixation, softening and staining, the pollen tubes were observed using epifluorescence microscopy. All statistical analyses were performed using R 2.8.1 (http://www.r-project. org). Isolation of genomic/complementary DNA, genotyping and sequencing. Genomic DNA and total RNA were extracted using the Plant DNeasy Mini and RNeasy kits (Qiagen), respectively. Complementary DNA was synthesized with the RETROscript reverse transcription kit (Ambion). PCR was performed with Taq DNA polymerase (Roche), Go-Taq polymerase (Promega) or ExTaq (TaKaRa). SCR-A and SRK-A sequences of A. halleri were obtained using the BD GenomeWalker Universal Kit (BD Biosciences). Transformation of restored SCR. The complete coding sequence of the SCR gene of Col-0 was restored by a series of PCR amplifications. It was then joined to the ATA7 promoter and the construct was subcloned into the pBI121 vector, introduced into Agrobacterium tumefaciens strain EHA105 by electroporation and transformed into Arabidopsis plants (Wei-1). 
